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INTRODUCTION 
Titanium is gaining great interest in the modern metal industry 
because o-r its natural abundance and its desirable physical and 
chemical properties. Among them, its excellent corrosion resistance, 
such as the resistance to normal atmosphere attack, humid and saline 
atmosphere attack, sea water attack, and nitric acid attack, is the 
most prominent characteristic being welcomed by the engineers. The 
usefulness of titanium would be greatly increased if it were possible 
to plate titanium on other metals, thus increasing the corrosion re-
sistance of these other metals. 
Much concern, at present, has been given to the possibilities 
o-r the electrodeposition of titanium on other metals from fused salt 
baths. However, it is also possible to deposit titanium on other 
metals Wi tbout any utilization of current, that is, by depositing 
titanium from "pyrosols". These are obtained by immersing the 
metal for several hours in a molten salt bath. The titanium cor-
rodes severely With the formation of a corrosion product known as 
a "pyrosol". As this method of deposition of titanium depends 
greatly on the composition and amount of the dispersed titanium in 
the molten salt bath, it is important to study the corrosion be-
havior of titanium and the composition of its reaction products in 
a fused salt bath in detail to arrive at the best method of de-
position of titanium from pyrosols. 
The formation of pyrosols was observed by Lorenz and his co-
workers. They found that some metals (Pb, Bi, Sr, and Cd) could be 
colloidally dispersed in their -rused salts and this dispersion was 
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called "Metallnebel" or metal fog. In this country the investigations 
l) 
were continued by Cubicciotti 
(l) Cubicciotti, D., "Solution of' Metals in Fused Salts", J. of' 
Metals, Vol. 5, No. 9, pp. ll06, 1953. 
The present research, therefore, was conducted to identify the 
titanium corrosion products which were obtained by corroding titanium 
samples in fused salt (NaCl) baths. A study of the influencing factors, 
such as temperature and time of' heating, on the amount and composition 
of' the corrosion products has been also included. 
The Preparation of Corrosion Products of Titanium 
by Corroding the ~tal in Fused Salt Baths 
1. The Starting Materials 
The titanium samples for the corrosion experiments were made of 
Allegheny Ludlum Steel Corporation titanium wire of 99+ percent purity. 
The wire was first cut in pieces of about 30 em. in length and made 
into coils. These were weighed and made ready for experimental use. 
The molten salt bath consisted of U.S.P. Grade - Granular sodium 
chloride. An amount of 27. 4 grams was used for each experiment 
throughout this investigation. 
2. Equipment for Preparing the Corrosion Products 
A porcelain crucible containing sodium chloride was heated in a 
nickel-chrome wound, resistance furnace; the corroding temperature 
range was 880° to ll00°C. The temperature of ll00°C was the highest 
temperature obtainable in this furnace. The temperature was auto-
matically controlled by a Honeywell Pyr-o-vane device, connected with 
a platinum and platinum-rhodium thermocouple. 
The titanium sample was suspended on a platinum hook, hanging 
from a porcelain rod and resting across the crucible top to prevent 
formation of a titanium deposit on the crucible wall during beating. 
3. The Procedure of Preparation 
Two series of experiments were carried out in the presence of air. 
The first series involved titanium samples being heated in fused salt 
baths at a constant temperature of 880°C for various lengths of heat-
ing time, which were one, two, three, four, and six hours; the second 
series proceeded at different temperatures of 880°, 950°, and l000°C 
4 
keeping the time of heating constant at three hours. 
After being heated at a determined temperature for a certain 
number of hours, the samples were taken out of the molten salt bath. 
The samples were covered with a dark bluish black residual mass. The 
inside of the crucible was grayish white with a narrow yellowish white 
brim at the top periphery of the bath. 
The dark residual mass was dissolved in water and the black 
residue obtained was decanted several times with hot water and then 
dried. There was also a gray residue left when the salt remaining 
in the crucible was dissolved in hot water; this gray residue was 
treated in the same way as the black residue. The yellowish white 
reaction product, collected from the periphery of the dry salt bath 
was washed with hot water, decanted, and dried. A yellowish white 
residue was obtained. Since this residue and the gray one gave the 
same X-ray patterns, no further distinction was made between them. 
All of these collected products were weighed, and the loss of the 
titanium sample was also determined. 
5 
Analysis o~ the Corrosion Products 
The titanium content o~ the black residue and gray residue was 
determined by collecting the hydrogen gas evolved from the dissolution 
o~ the dispersed titanium in hydrofluoric acid. The apparatus used 
and procedure of analysis are described below: 
l. Apparatus 
The apparatus used ~or determination o~ titanium content in the 
black residue and gray residue is shown in Fig. l. The set up con-
sisted o~ a ~lask {a) ~or the hydro~luoric acid, a water bath (h) to 
keep the temperature constant, a spoon (b) to hold the sample ready 
for analysis, and a burette {f) to collect the hydrogen gas evolved. 
The lower portion o~ the ~lask was lined with paraf'~in on the inside 
wall to protect the glass ~rom reacting with the hydro~luoric acid. 
2. Procedure 
The samples o~ corrosion products, the black residue or the gray 
residue, were accurately weighed and care~ully placed into the spoon 
(b) which was, in turn, assembled to the ~lask {a) already ~illed with 
40 c.c. 4 N hydro~luoric acid. After the assembly of the necessary 
parts as shown in Fig. 1, the flask was completely submerged in the 
constant temperature water bath {h) of 25°C. The whole arrangement 
was kept perfectly air-tight. Then the air within the flask was dis-
placed by passing hydrogen gas from the outside through valve {c). 
The hydrogen was taken from a tank, and was passed on its way through 
a catalyst {to remove the traces of oxygen present in the gas) and a 
wash bottle with concentrate sulfuric acid. The oxygen bas to be re-
moved in order to prevent the oxidation of the titanium trifluoride 
a--flask £or holding nydrofluoric acid 
b--spoon £or holding samples reaqy for analysis 
c--valve £or introducing hydrogen gas from outside 
d--capillary for hydrogen gas 
a--valve for the outlet o£ gas 
f-gas burette 
g--leveJ ing bulb 
h--constant temperature water bath 
Fig. 1. Apparatus for determining the content of titanium 
in corrosion products by the method of hydrogen 
evolution from the dissolution of titanium in 
hydrofluoric acido 
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formed during the dissolution to titanium tetrafluoride: 
4 TiFs + 4 HF + 02 ----- 4 TiF4 + 2 fi20 ••••••••••••••• eq. (a) 
because this reaction would consume the oxygen present in the flask 
and hence decreases the gas volume. In addition, titanium may act 
as a catalyst to assist the oxygen present to combine With the hy-
drogen liberated from the black residue to form water, thus, 
2 fi2 + 02 ----- 2 ~o ................................. eq. (b) 
This reaction would diminish both the oxygen already present in the 
flask and the hydrogen evolved by the black residue. To test for 
the presence of oxygen, the gas from the apparatus was collected in 
1 
a test tube, and then ignited, holding the test tube upside down. IT 
oxygen was present, a small explosion would be heard. The hydrogen 
would burn quietl.y in the test tube, if no oxygen was present. 
To run the analysis, the valve (c) was closed first, the water 
level was exactly adjusted at the zero reading or the burette (r) 
and subsequently the valve (e) was closed. Then, the sample was 
dropped into the hydrofluoric acid by turning the spoon upside down. 
The dissolution reaction started immediately and the evolved hydrogen 
was collected in the burette by lowering the leveling bulb (g). This 
operation was continued until there was no gas evolution from the 
sample. 
From the volume of hydrogen developed, the amount of metallic 
titanium in the sample was calculated. As the gas was collected 
over water in the burette at room temperature, the water vapor pres-
sure had to be subtracted from the barometric pressure read at the 
end of the experiment. The observed volume was then reduced to 
2) 
standard condi tiona by using C. D. Hodgman's table As the inside 
diameter of the barometer used was one centimeter, no correction for 
3) 
capillary depression of mercury in the barometer was made 
(2) Hodgman, C. D., Handbook of Chemistry and Physics, Cleveland, 
Chemical Rubber Publishing Co., p. 2070, 2141, 35th ed., 1953. 
8 
(3) Miller, D. c., Laboratory Physics, N. Y., Ginn and Co., p. 71-72, 
1932. 
The calculation for the content of metallic titanium in the 
corrosion products, which were the black and the gray residues, are 
as follows: 
The dissolution of titanium in hydrofluoric acid proceeds 
4) 
according to the equation 
2Ti+6HF 2 TiF3 + 3 H2 · ••••••••••••••••••••• eq. {c) 
(4) Strauma.nis, M. E. and Chen, P. c., "The t.Echanism and Rate of 
Dissolution of Titanium in Hydrofluoric Acid", J. Electrochem. 
Soc., Vol. 98, p. 234, 1951. 
Hence, one gram atom of titanium evolves one and one half molecular 
vol~s of hydrogen gas. As one gram atom of titanium weighs 4 7. 9 
grams and one gram molecular vol~ of gas at standard condi tiona 
occupies 22414 c.c., one gram of titanium is equivalent to 1.5 x 22414 
47.9 
or 702 c. c. of hydrogen gas at standard condi tiona. The percentage of 
metallic titanium in the sample is then 
volume of evolved ~ reduced to standard condition (c. c. ) x 100 
weight of sample {g.) x 702 {c.c.fg.) 
3. Checking the t.Etbod of Analysis 
To check the correctness of the analytical method applied, several 
samples of pure titanium were dissolved in hydrofluoric acid, and the 
purity of titanium was calculated from the volume of the hydrogen 
developed. The results are summarized in tables I, II, and III. 
Table I 
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Next, the titanium obtained from Battelle Memorial Institute was 









Purity of Iodide Titanium 














Previous analyses of the same kind of titanium have shown an 
average purity of 99.61 percent, which agrees Within error limits with 
the result of Table II. In other words, the analysis made with 
arrangement described are quite reliable. 
Finally, the analysis of titanium wire used in the present in-
vestigation was made {see Table III). 
Table III 
Purity of Titanium Wire Used for the Present Research 
Sample Wt. of 
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Thus, the purity of titanium wire is 99. 56 i: 0. 3(1'/o with maximum 
error of i: 0.3~. 
X-Ray Identi~ication o~ the Titanium Corrosion Products 
l. The X-ray Camera and the Sample M::>unting Method 
11 
The camera ~or making X-ray patterns, was a modi~ied Debye-
Scherrer type with a diameter o~ 6.4 em. The sample which was in 
~orm o~ a very ~ine powder was caused to adhere uni~ormly to a thin 
Li-B glass hair having a diameter o~ 0. o8 mm. by using a small amount 
o~ a non-drying glue as an intermediate layer. The diameter o~ the 
~inished sample including the glass hair was about 0.15 mm. The 
~inished specimen was centered under a microscope, so that the sample 
mount located in the camera would rotate exactly in the axis o~ the 
camera during the time o~ exposure by X-rays. 
An X-ray ~ilm o~ the size o~ 3 x 18 em. was loaded into the 
5) 
camera in an asynu:netric manner which has the ~allowing advantages 
i~ a thin specimen and a precision camera is used: 
(5) Straumanis, M. E., J. Appl. Phys., Vol. 20, p. 726, 1949. 
a. The specimen is exactly centered to coincide with the axis o~ 
the camera, there~ore, the error due to lack o~ centering is 
greatly minimized. 
b. Both ~ront re~lection and back re~lection lines are simul-
taneously registered on the same ~ilm. 
c. The sample ~or X-ray pattern is made in such a manner that the 
error due to absorption by the sample is negligible, i~ lines 
in the higher back re~lection region are used ~or the calcula-
tion o~ the lattice constants. 
d. No standard substances are necessary. 
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2. Comparison Between Known and Unknown X-ray Patterns 
The X-ray patterns o~ the corrosion products were made ~or the 
purpose to compare them subsequently with various X-ray patterns o~ 
known composition materials ~or identification. The selection and 
preparation o~ materials with known compositions were made on the 
basis o~ what possible compositions the corrosion products might have. 
This was done by reasoning and predicting the reactions which may 
occur during the corrosion o~ titanium proceeding in ~used salt baths. 
An attempt was also made to determine the deposit on the inside 
wall o~ the crucible and a black sublayer underneath the deposit. The 
X-ray technique used was the same. 
3. The Determination o~ the Composition o~ the Black Residue 
Fig. 2 gives X-ray patterns showing appreciable change in the 
position o~ the lines o~ the black residue sample in comparison with 
those o~ heat treated iodide titanium, although no new lines appeared. 
The positions o~ the lines o~ the corrosion product indicated that 
the original lattice o~ titanium expanded, as all the Bragg angles 
decreased. Thus, the lattice parameters o~ the residue patterns had 
to be determined. For this purpose, the X-ray ~ilms had to be measured 
and indexed. 
The measurements o~ the ~ilms were made by using a comparator. 
Its readings were accurate to 0.001 mm. For indexing, the Bragg angles, 
e, and the interplanar spacings, d, were calculated. From the calculated 
interplanar spacings, the ~ilm was indexed by using the Hull-Davey chart 
1.) 
Front renectian Back reflection 
l 
Fig. 2o X-ray powder photographs showing the lattice ·. 
changes or black residue sample (top) as compared 
with the lattice or heat treated iodide titanium 
sample (bottom). Copper radiation was used. 
6, 7) 
for the hexagonal lattice 
(6) Sproull, W. T., X-rays in Practice, New York, McGraw-Hill, pp. 
415-417, 1946. 
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(7) Hull-Davey Chart for the Hexagonal Lattice issued by Armour 
Research Foundation of Illinois Institute of Technology, Chicago, 
Illinois. 
Fig. 3 gives a simple sketch showing how to calculate Bragg angles 
from film measurements. Suppose A, B and c, D are the diffraction line 
pairs in the front-reflection and back-reflection regions. The meas-
urement readings are made in sequence, XA, XB, XC, and XD from the zero 
point X on the scale of the comparator to each of' the diffraction lines 
A, B, c, and D. The effective film circumference is equal to (XD + XC) -
front reflection b a c k ref I e c t i on 





A sketch of a simplified asymmetric powder pattern. 
Assume that the measurement of one f'ilm given for (XD + XC) -
(XB + XA) is 200 mm., then 1 mm. on the film will be equal to 




in Fig. 4, the angle measured is 4 Q of 4 ~~ so the factor F 
X-ray 
back reflection front reflection 
Fig. 4. 
Film arrangement in the asymmetric manner. 
= 0.45° is obtained for conversion of the measured angular distance, 
(XB -"XA) or (XD - XO), on the film into e or ~ in degress. A record 
of the measurements and calculations for a powder pattern is given in 
Table IV, in which the comparator readings, XA1 XB1 XC, and Xi5, are in 
the same expressions as used above. 
Titanium and the expanded lattice of its corrosion products 










Fig. 5 . 
A space lattice of a hexagonai crystal. 
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Table rv 
Record of Film z.Easurements and Calculations of Heat Treated Iodide Titanium 
Front Reflection Back Reflection 
Intensity w. v.s. s. w. w. m. w. v.w. v.w. 
10.5 
hk·1 10.0 00.2 10.1 10.2 11.0 10.3 11.2 12.2 30.1 
Comp. Read. (XB) 70.502 72.548 73.582 80.669 86.192 90.431 . 93.576 (XD) 183.063 173.413 
Comp. Read. (XA) 32.059 29.962 29.003 21.88o 16.323 12.109 8.964 (XCl_118.982 128.383 
XB+XA 102.561 102.510 102.585 102.549 102.515 102.540 102.540XD + XC302.o45 301.796 
102.54 (Ave. XB + XA) 301.92 (Ave. XD + XC) 
Circumference = 301.92 - 102.54 = 199.38 mm. = 36o 0 
Factor F for conversion of 4 a or 4 ¢ in mm. directly into e or ¢ in degrees 
F = 360°/4 X 199.38 = 0.4514° 
(XB-XA) mm. 38.443 42.586 44.579 58.789 69.869 78.322 84.612(XD-xc) 64.o81 45.030 
(XB-XA) F = 9° 17.35 19.22 20.12 26.54 31.54 35.35 38.19 mm.¢o 28.93 20.33 
9° 61.07 69.76 
Sin e 0.2982 0.3292 0.344o 0.4468 0.5231 0.5786 0.6183 0.8752 0.9383 
shows a space lattice o~ a hexagonal crystal, the lattice parameters 
o~ which are a and c. 
The lattice constants, a and c, o~ the hexagonal system can be 
calculated by starting ~rom the following equations: 
d = a 
4/3 (h2 + ~ + hk) + ~ 
•••••••••••••••••••••••••••• (l) 
= 2 d sin e •••••••••••••••••••••••••••••••••••••••••• (2) 
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where d is the interplanar spacing, hkl the Miller index, e the Bragg 
angle,"'- the wave length o~ the radiation applied. If (1) and (2) are 
combined, an equation ( 3) is obtained, 
2 
sin2 e = ~/3 (h2 + k2 + hk) + a:~···············(3) 
To calculate the lattice constants, a and c, ~or any two pairs o~ 
di~~raction lines with known Bragg angles (el, ea) and indices (hl, kl' 
111 ~~ ~~ ~), it is necessary to set up two equations as follows: 
2 
A~r./3 (h2 + ~ + h k ) + a21i7 (4) sin2 e1 = ~L~. 1 1 1 1 ~ •••••••••••• 
Combining (4) and (5) 1 and eliminating c, we obtain, 
2 2 2 2 2 
a = 1~ {~ + k2 + ~~) • l2 (h1 + k1 + ~k1 ) 
3 (1~ sin2 ~ - 1~ sin2 01) •••••• ( 6) 
This equation (6) is derived ~or calculating the lattice parameter, 
a, under the condition that :A., e1 , ~~ h1 k111 , and ~1.{2~ are known. 
Substituting the calculated a in equation ( 4) we get 
c = 
This equation (7) permits the calculation of the lattice parameter, 
(8) Strauma.nis, M. E., and Ievins, A., Die Prazisionsbestimmung 
von Gitterkonstanten nack der asymmetrischen Methode, Berlin, 
Julius Springer, p. 56-57, 1940. 
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Table V gives the lattice constants, a and c, of some prominent 










Indices, Bragg Angles and Lattice Constants of a 
Heat Treated Iodide Titanium Sample 
Bragg Angle a c 
eo in kx in kx 
20.12 2.943 4.674 
26.54 2.943 4.675 
31-54 2.943 
35-35 2.940 4.682 
38.19 2.940 4.679 
61.07 2.939 4.679 
Final value 2.943 4.679 
(extrap.) (see Fii· 6) 0 







l. 591 {ave.) 
l. 590 ( extrap. 
value) 
Fig. 6 shows a plot of lattice constants, a and c, versus Bragg 
angle, e, for a heat treated iodide titanium sample. Since the errors 
involved in the lattice constant determination due to absorption and 
due to inaccuracy of the camera disappear completely at 90 o, the correct 
lattice parameters, a and c, are obtained by extrapolating the lattice 
constants, calculated from different reflection angles, to 90°· The 
final values of lattice parameters, a and c, and axial ratio, c/a, thus 
0 
obtained for heat treated iodide titanium were 2.943 kx (2.949A), 
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Fig. 6. Lattice coru'Jtants, a and c, versus Bragg angleD. 
(a heat treated iodide titanium sample) 
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The constants obtained are close to those as mentioned in the 
0 0 2) 
Handbook of' Hodgman, which are 2.951A, 4.692A, and 1..590 , and which 
can also be read :from the chart given by Bumps, Kesseler, and Hansen, 
0 0 9) 
namely 2.946A, 4.680A, and 1..590 • Hence, the method used :for the 
(9) Bumps, E. s., Kesseler, H. D., and Hansen, M., Trans. ASM, Vol.. 
45, p. looB, 1953· 
calculation of' lattice parameters has been proved to be accurate. The 
approximate composition of' the bl.ack residue could, therefore, be :found 
by plotting the obtained a, c, and c/a on the parameter-composition 
curves :for the alpha phase of' titanium-oxygen alloys, which were made 
9) 
by Bumps, Kesseler, and Hansen 
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Experimental Results 
l. Weight Loss of Titanium Samples Due to Corrosion 
The longer the samples were heated at a constant temperature of 
880°C in the fused salt baths, the stronger was the corrosion of the 
samples observed. This also occurred if the samples were heated at 
higher temperatures for a heating time of three hours. The samples 
which were corroded at temperatures above 950°C showed recrystallized 
grains (Fig. 7). 
The more severe the corrosion of the samples, the higher was the 
weight loss of the samples. The results of weight loss of samples due 
to corrosion in fused salt baths at a temperature of 88o°C for various 
lengths of time are given in Table VI. 
If the weight loss in percent of titanium samples (see column 6, 
Table VI) is plotted versus time of heating in hours, a straight line 
is obtained as shown in Fig. 8. 
Table VII gives also the results of weight loss in percent when 
the corrosion proceeded at different temperatures for a constant length 
of time of three hours. 
A plot of weight loss in percent of titanium samples (see column 
6, Table VII) versus heating temperature in degrees of Centigrade is 
shown in Fig. 9, in which a linear relationship is again obtained. 
2. M:>lten Residual Mass 
The molten residual mass which covered the titanium samples re-
tained its dark bluish black color, regardless of the conditions of 
corrosion (at short or long lengths of heating time and at different 
temperatures above 880°C). 
Fig. 7. The enlarged recry~tallized grains at the 




Weight Loss of Titanium Samples Due to Corrosion 
in Fused Salt Baths at a Constant Temperature of 88o°C 
Ex. No. Time of Wt. of Wt. of Ti wt. loss Wt. loss 
heating sample sample after (g.) 'to (hr.) (g.) corrosion 
(g.) 
41 l 0.6330 0.5973 0.0357 6.33 
42 l 0.6345 0.5992 0.0353 5·57 
32 2 0.6344 0.5568 0.0776 12.23 
33 2 0.6334 0.5359 0.0975 15.40 
4 3 0.6270 0.4823 0.1447 23.07 
5 3 0.6288 0.4866 0.1422 22.61 
6 3 0.6323 0.4546 0.1777 28.02 
7 3 0.6239 0.4798 0.1441 23.10 
ll 4 0.6218 0.4425 0.1793 28.85 
12 4 0.6323 0.4524 0.1799 28.45 
21 6 0.6288 0.3490 0.2798 44.4o 
22 6 0.6323 0.3336 0.2987 47.30 
Table VII 
Weight Loss of Titanium Samples Due to Corrosion in Fused Salt 
Baths Keeping Time of Heating Constant at Three Hours 
Ex. No. Temp. wt. of Ti Wt. of Ti Wt. loss Wt. loss (oC) sample sample after (g.) % 
(g.) corrosion 
(g.) 
4 880 0.6270 0.4823 0.1447 23.07 
5 88o 0.6288 0.4866 0.1422 
22.61 
6 880 0.6323 o.4546 0.1777 28.02 
7 88o 0.6239 0.4798 0.1441 
23.10 
51 950 0.6340 o.4ol3 0.2327 
36.70 
52 950 0.6330 o.4o38 0.2292 
36.20 
61 1000 0.6298 0.3345 0.2953 46.85 
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Fig. 8. Weight loss in percent of the titanium samples due to corrosioo at Bao•c versus 
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Fig. 9. Weight loss in percent of the titanium samples due to corrosiCI'l versus temperature. 
26 
The results ot: the weights ot: molten residual masses obtained at 
a heating temperature ot: 880°C t:or various lengths ot: time are given 
in Table VIII. 
A plot ot: the weight ot: these masses (see column 3, Table VIII) 
adhering to the titanium samples versus length ot: heating time is made 
in Fig. 10, showing the increase ot: the mass with heating time. 
However, the weight ot: the residual mass did not show appreciable 
changes as the temperature varied. The results ot: the experiments are 
summarized in Table IX. 
3. Black Residue 
The black residue was a very t:ine powder having a grayish black 
color when observed with the naked eye. It: examined with the aid ot: 
a microscope, its grayish bright metallic appearance could easily be 
seen. 
The content of metallic titanium in the black residues in per-
cent and the amount of metallic titanium in grams are given in Table 
X and XI. These residues were obtained by heating the titanium 
samples at a constant temperature for various intervals ot: time, or 
by heating at various temperatures for a constant interval ot: time. 
Fig. 11 gives a plot of the amount of metallic titanium in grams 
(see column 4, Table X) versus heating time. The curve shows the 
increase of the absolute amount of metallic titanium present in the 
black resi.due with increasing heating time. 
Another plot, the amount of metallic titanium in grams {see 
column 4, Table XI) versus temperature of heating, is illustrated in 
Fig. 12; the linear relationship obtained means that the increase of 
Table VIII 
Weight of M:>l ten Residual Mass Obtained from Titanium Samples 
Being Corroded in Fused Salt Baths at a Constant Temperat~e 
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Figo 10. Weight of the molten rP.sidual mass adhering to 
titanium samples versus length of heating time. 
the 
Table IX 
Weight o-r M::>lten Residual Mass Obtained from Titanium Samples 
Being Corroded in Fused Salt Baths for a Constant Length of 































The Titanium Content in the Black Residue 
(at a constant temperature o~ 880°C) 
Ex. No. Time 0~ wt. 0~ Metallic Ti 
heating black residue Wt. (g.) , 
(hr.) (g.) 
41 l 0.0262 0.02o6 78.4 
42 l 0.0211 0.0165 78.0 
32 2 0.0493 0.0371 75-2 
33 2 o.o638 0.0534 83.7 
4 3 o.o864 0.0748 86.5 
5 3 0.1151 0.1007 87.4 
6 3 O.lo85 0.0933 85.9 
7 3 0.1025 o.o826 8o.6 
ll 4 O.l2o6 0-0996 82.6 
12 4 0.1458 0.1174 80.5 
21 6 0.1730 0.1395 80.6 











The Titanium Content in the Black Residue 
{at a constant heating time of 3 hours). 
l-Etal1ic Ti wt. of 
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Fig. 11. Amount of metallic titanium present in the black residues obtained at aao•c 
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Fig. 12. Amount of metallic titanium present in the black residues versus temperature. 
the amount of' metallic titanium is proportional to the heating tempera-
ture. 
The X-ray powder photographs showed an expanded lattice of' the 
black residue sample as compared with the lattice of' beat treated 
iodide titanium. Evidently, this expansion is due to the f'orma.tion 
9) 
of' titanium-oxygen solid solution If' so, the oxygen content can 
be determined by calculating the lattice parameters of' the black 
residue and by using charts as explained below. 
Table XII gives the record of' f'ilm measurements of' the black 
residue. The ref'lection angles obtained were used f'or lattice para-
meter calculations. The lattice parameters calculated are listed in 
Table XIII, in which 2.967 lac, 4. 776 lac, and 1.610 are the values of' 
parameters, a and c, and axial ratio, c/a, determined by extrapolating 
to 90° as shown in Fig. 13. Finall.y, the approximate oxygen content 
of' the black residue was f'ound by comparing c and c/a with the para-
meter-composition curves f'or the alpha phase of' titanium-oxygen 
9) 
alloys made by Bumps, Kesseler, and Hansen The lattice parameter, 
a, was not compared since the lattice parameter, a, f'or the black 
residue sample was not within the range given on the curve. Thus, 
the results of' oxygen content were obtained f'rom 
0 
c = 4.786A 
c/a = 1.610 
Average: 
12 weight % oxygen 
8 weight 1o oxygen 
10 weight 1o oxygen 
4. Gray Residue and Yellowish White Residue 
As the X-ray pattern of' the yellowish white residue showed no 
appreciable dif'f'erence in position of' lines in comparison with the 
35 
Table XII 
Record of Film Measurements and Calculations of Black Residue 
Front Reflection 
Intensity v.w. w. v.s. m. s. m. m. m. 
bk·l 10.0 00.2 10.1 10.2 11.0 10.3 11.2 20.1 
Comp. Read. (XB) 66.726 68.298 69.509 76.487 82.180 85.930 89.271 9Q.081 
Comp. Read. (XA) 27.985 26.527 25.228 18.409 12.742 8.890 5·549 4.739 
XB + XA 94.711 94.825 94.737 94.89b 94.922 94.820 94.820 94.820 
94.82 (Ave. XB + XA) 
Circumference= 294.84- 94.82 = 200.02 mm. = 36o 0 • Where 294.82 =Ave. XD +XC (see back reflection) 
Factor F for conversion of 4 0 or 4 ¢ in mm. directly into e or ¢ in degrees. 
F = 36o0 /4 X 200.02 = 0.450 
(XB-XA)mm. ;8. 741 41.771 44.281 58.078 69.438 77.o4o 83.722 85.342 
(- -) 0 17.43 18.8o 19.93 26.14 31.25 ;4.67 37.68 38.40 XB-XA F = e 
sin e 0.2995 0.)223 0.3409 o.44o6 0.5188 0.5689 0.6113 0.6212 
d in k.x 2.567 2.385 2.255 1.745 1.482 1.351 1.258 1.237 
Table XII (Continued) 
Back Reflection 
Intensity v.w. m. v.w. w. v.w. w. v.w. 
10.5 
hk·l 20.3 00.5 11.4 12.2 30.0 30.1 30.2 
Comp. Read. (XD) 191.515 187.446 185.218 182.174 176.392 171.672 166.611 
Comp. Read._(xcl._ 10a.~22 10~.~~4 1~.~22 112.821 118.462 12~.121 128.10t XD +XC 29 . 4o 29 . 0 29.4o 295.001 294.854 29 .803 294.71 
294.840 (Ave. XD + XC) 
~XD ~ XC~ mm. 88.190 8o.052 75.696 69.347 57.930 48.541 38.5o8 XD - XC F = ¢o 39.69 36.02 34.06 31.21 26.07 22.84 17.33 
900-¢0 = eo 50.31 53·98 55·94 58.79 63.93 67.16 72.67 
sin e 0.7695 o.8o88 0.8285 0.8553 0.8983 0.9216 0.9546 













The Indices, Bragg Angles, and Lattice Constants 












Final value 2.967 
(extrap.) (see Fig. 13) 
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38 
4. 79 
4.78 - 0 0 0 




4. 75 l I I 
I I I 
2.98 
2.97 - nO 0 ()_ 




I I I . I I I f I 
2.94 0 10 20 30 40 50 60 70 80 90 
8 in degrees 
Fig. 1). Lattice constants, a and c, versus Bragg angle 8. 
(a black residue sample) 
pattern o~ the gray residue, identi~ication for these two corrosion 
products was simultaneously done by comparing their patterns With 
those o~ a known composition. 
A C.P. titanium dioxide, which was obtained ~rom E. H. Sargent 
Company, in ~orm o~ a fine wbi te powder was used ~irst in making the 
X-ray patterns f'or comparison. As its pattern was quite di~ferent 
~rom the pattern of' the two corrosion products mentioned, another 
39 
titanium dioxide sample was prepared by beating a mixture of' one part 
of' C. P. titanium dioxide powder With ten parts of' c. P. granular 
sodium chloride ~or two hours at ll00°C. The melt was cooled in the 
furnace, and the salt was leached by hot water. Then X-ray pictures 
of' the decanted and dried yellowish powder were made. It is known 
that rutile is obtained by the direct heating o~ C. P. titanium 
dioxide at ll00°C ~or two hours, and that the presence of sodium 
chloride only accelerates the transformation of C. P. titanium 
10) 
dioxide powder to rutile By the similarity of the X-ray patterns 
{10) Williamson, w. o., Min. Mlg., Vol. 25, pp .. 513-528, l94o. 
of the two corrosion products with those o~ rutile preparation, the 
products were identi~ied to be rutile. Fig. 14 gives two X-ray powder 
patterns showing the similarity of' the gray residue (or the yellowish 
white residue ) and the rutile. 
Upon dissolution o~ these two corrosion products separately in 
hydrofluoric acid, a very small volume of hydrogen was evolved by 
the gray residue, while the yelloWish white residue did not liberate 
any gas. This evolution o~ hydrogen proved the presence of' dispersed 
40 
Front re£lection Back re£lection 
F11• 14. X-ray powder photographs showing t.he silllilari ~ • t 
t.be grq residue ::~ample (top) and the rutile _sample · (bottCllll). 
' Copper radiation was used. · 
titanium in the gray residue. This fact also explained the color of 
the gray residue, which was the yellowish white rutile contaminated 
with a small amount of dispersed titanium. Yet the amount of the 
dispersed titanium was too small to manifest itself on the X-ray 
pattern of the gray residue • 
41 
The amount of the yellowish white residue (rutile) was very small 
in comparison with the amount of the gray residue {rutile contaminated 
with dispersed titanium). Hence, the presence of yellowish white 
residue if weighed together with the gray one could not influence much 
the calculated content of metallic titanium of the gray residue. Thus, 
it was unnecessary to distinguish between them in the determination of 
the content of metallic titanium in the gray residue. Tables XIV and 
XV give this content in percent in the gray residue plus the yellowish 
white residue obtained at 88o°C for various lengths of heating time or 
obtained at different temperatures for a constant time of heating re-
spectively. Table XIV shows that the content of metallic titanium in 
the gray residue increases with the time of heating. However, the 
content of the metal found was quite irregular 1 fluctuating greatly 
at different temperatures (see column 4, Table XV). 
5. The Metallic Deposit on the Inside Wall of a Crucible 
A metallic deposit was sometimes found on the inside wall of the 
crucible used for the present investigation. An X-ray pattern, which 
was made from the black deposit scratched from the crucible wall, 
showed no difference from the pattern of the black residue· Evidently' 
the black deposit was also a titanium-oxygen solid solution with 
approximately 10 weight percent of oxygen content. 
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Table XIV 
The ~tallic Titanium Content in the Gray Residue Plus 
Yellowish White Residue (at a constant temperature or 88o°C) 
Ex. No. Heating time wt. or residues ~tallic Ti 
(hr.) (g.) wt. (g.) ~ 
4l. 1 0.0133 0.0002 1.12 
42 1 0.0188 0.0002 o.82 
32 2 o.o481 0.0012 2.57 
33 2 0.0542 0.0017 3-09 
4 3 0.0668 0.0019 2.84 
5 3 0.0727 0.0029 3.85 
6 3 0.1189 o.oo83 6.98 
7 3 0.0727 0.0030 4.13 
11 4 0.1132 0.0049 4.31 
12 4 O.lo48 0.0052 4.98 
21 6 0.2170 0.0156 7-19 
22 6 0.2256 0.0370 16.40 
Table XV 
The ~tallic Titanium Content in the Gray Residue Plus Yellow-









































If this metallic deposit was thoroughly removed by treating over 
night with 0.25 N hydrofluoric acid, a thin black layer was left under-
neath. This black layer seemed to consist of accumulated fine part-
icles. These particles were scratched from the crucible wall to make 
an X-ray pattern. It showed only a fuzzy diffraction line pair in 
the front reflection region, the position of which was close to that 
of the first strongest line of a pattern of pure silicon. This may 
serve as an indication for the following reaction with the silica of 
the porcelain crucible wall: 
Si~ + Ti ----- Si + Ti02 •••••••••••••••••••••••••••• eq. (d) 
A thin layer of' metallic titanium (containing oxygen) was subsequently 
deposited on the reduced silicon. 
l. 
DISCUSSION 
The Possibility of Titanium Nitride of Being Present in 
the Black Residue 
As the corrosion process of titanium samples in molten salt baths 
proceeded in air, the formation of titanium nitride (TiN) was also 
possible. However, nitrides in the residues could be recognized by 
their X-ray patterns because pure titanium nitride crystallizes in 
the cubic system. Since the X-ray pictures of the black residue did 
not show any additional lines but only those belonging to the hexagonal 
system, the absence of titanium nitride in the black residue was 
assumed. However, the nitride in amounts less than 5 'fo could still be 
present in the black residue, as such a small amount is difficult to 
detect only by comparison of the X-ray patterns. 
Also a solid solution of titanium-nitrogen with a small amount of 
nitrogen could be present in the residue; these phases are hexagonal 
11) 
and may not differ very much from the ti tani um-o:x:ygen solid solutions 
However, the contamination of the black residue by nitrogen cannot 
12) 
be large because according to M:mtemartini titanium heated in a dry 
(11) Ehrlich, P., z. anorg. Chem., Vol. 259, p. 11, 28, 1949. 
(12) Montemartini, C and Losana, L., Notizario chim. Ind., Vol. l, 
p. 237, 239, 1926. 
mixture of 20 '/o oxygen and 80 % nitrogen at 1050°C produces oxidation 
products containing only l.l 'fo titanium nitride. At a higher oxygen 
content, the amount of titanium nitride is much less. 
2. The Presence of Titanium Dichloride in the Residual Mass 
The presence of divalent titanium compounds in the black melt 
was al.so tested, as titanium dichloride might al.so be formed during 
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the reaction in molten sodium chloride. The basis for the test is as 
:follows. 
Titanium dichloride is a very reactive material. It evolves 
hydrogen gas when it reacts with water according to the reaction: 
TiCl2 + 2H20 Ti02 + H2 + 2HCl .•••••.••..••.••.• eq. (e) 
13) 
which was given by Ruff and Neumann As one grain molecular volUIDe 
( 13) Ruff, 0. and Neumann, F., Z. anorg. Ch., Vol. 128, pp. 81-95, 1923. 
(22414 c. c.) of hydrogen is evolved by one gram molecular weight 
(118.82 grams) o:f titanium dichloride at standard conditions, 1 c.c. c£ 
hydr 118.82 ogen is equivalent to 22, 414 or 0.0053 gram of titanium dichloride. 
To test the presence o:f titanium dichloride, a set-up of a water-
:filled graduated cylinder in the inverted position with its open end 
submerged in a water vessel was used. The assembly was checked to be 
sure that no air bubble was left above the water column in the graduated 
cylinder before continuing. The porous residual mass which surrounded 
the titanium sample was introduced into the water vessel just below the 
opening o:f the graduated cylinder. Then the water vessel was warmed 
on a hot plate, and the water column inside the cylinder was gradually 
displaced by some gas bubbles. After two hours, the displacement 
ceased completely, and the volume o:f gas obtained was less than one 
c. c. I:f this whole volume o:f less than one c. c. was due to hydrogen 
evolution :from titanium dichloride, it would be equivalent to less 
than 0.0053 gram of titanium dichloride (eq. e) in the residue. Com-
paring this amount o:f possible titanium dichloride with the weight of 
the black residue of 0.1779 gram obtained afterwards, it seemed to be 
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small. However, the air in the pores, entrapped during the cooling of 
the residual mass had to be subtracted from the total gas vol~ (less 
than one c. c. ) • By observing the residual mass, the entrapped air was 
estimated to occupy a vol~ of approximately one c.c. Therefore, the 
amount of titanium dichloride which may be present in the residual mass 
was much less than 0.005 g. 
3. The Relation Between the Total Amount of Titanium Present in 
the Corrosion Products and the Weight Loss of the Titanium 
Sample 
The major amount of metallic titanium lost by the sample was 
present in the black residue. The minor amonnt was in the mixture of 
gray residue and yellowish white residue in the form of rutile (Ti02 ) 
with a slight metallic titanium admixtures. The amonnt of titanium 
as tetravalent titanium ( Ti 02 ) could be calculated by np.ll tip lying the 
amount of rutile with a factor of 47.9, which is atomic weight of titanium. 
79.9 molecular weight of Ti02 
Thus, the sum of metallic titanium in the residues and the titanium 
bound in form of rutile should be equal to the total loss of titanium 
by the sample. For instance, using the data of experiment No. 6 as an 
example, we have 
1) metallic Ti 0.0933 g. (in the black residue) 
o.oo83 g. {in the gray residue plus 
yellowish white residue) 2) metallic Ti 
3) Ti bound 0.11o6 x 4~·§ = o.o662 g. (in the gray residue plus 
in form 1 · yellowish white residue) 
of rutileTbtal analyzed Ti = 0.1678 g. (in the reaction products) 
This total amount of analyzed titanium of 0.1678 gram, seems to be 
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close to the weight loss of the titanium sample (0.1777 gram) in this 
experiment. Those results for each experiment are summarized in Table 
XVI. However, the irregularities of the difference between weight loss 
and total amount of titanium found. by analysis may be due to the fluctua-
tion of oxygen content in the black residue {titanium-oxygen alloy) and 
in the difficulties of handling and analyzing the reaction products. 
4. The Possible Mechanism of Titanium Corrosion in Molten Salt 
Baths 
As the corrosion of titanium in a fused salt bath occurred in the 
presence of air, the oxygen in the air, therefore, penetrated into the 
bath and diffused t o the surface of the titanium sample. This diffused 
oxygen oxidized the titanium to form titanium-oxygen solid solutions. 
The expansion of the titanium lattice during the solid solution for-
mation caused the oxidation product to peel off and break down because 
of' its brittle structure. The reasons, why subsequently a dispersion 
is found, are unknown. This dispersion is recognized by the black 
color of' the salt after its cooling. 
A part of' the dispersed titanium-oxygen solid solution was 
driven to the surface of' the molten salt bath by the convection cur-
rents in the crucible. Because of the plentiful supply of' oxygen 
from the air at the surface of' the bath, the titanium-oxygen solid 
d ".Pter cool-rng, it solution was further oxidized to titanium dioxi e. ~ • 
was in the form of rutile because it was obtained in the temperature 
range from 880° to ll00°C and in the p~~)ence of sodium chloride, 
which furthers the f ormation of rutile 
As the specific gravity of rutile (4.26) is larger than the 
Table XVI 
The Titanium Content in the Corrosion Products and the Weight Loss of the Ti tani urn Sample 
Gray residue and yellowish 
~tallic Ti Gray residue Ex. Temp. Heating Black white residue 
No. oc time residue in black & yellowish metallic Ti Ti02* Ti in Total Wt. 
(hr.) (g.) residue white residue (g.) (g.) Ti02 amount of loss (g.) (g.) (g.) analyzed Ti of Ti 
41 880 1 0.0262 0.0206 0.0133 0.0002 0.0131 0.0078 0.0286 0.0357 
42 88o 1 0.0211 0.0165 0.0188 0.0002 0.0186 0.0112 0.0279 0.0353 
32 88o 2 0.0493 0.0371 o.o481 0.0012 o.o469 0.0281 o.o664 0.0776 
33 88o 2 o.o638 0.0534 0.0542 0.0017 0.0525 0.0314 o.o865 0.0975 
4 88o 3 o.o864 0.0748 o.o668 0.0019 o.0649 o.o388 0.1055 0.1447 
5 88o 3 O.ll51 0.1007 0.0727 0.0029 o.o698 o.o418 0.1454 
0.1422 
6 88o 3 O.lo85 0.0933 0.1189 o.oo83 0.1106 o.o662 0.1678 0.1777 
7 88o 3 0.1025 0.0826 0.0727 o.oo3o o.o697 o.o418 
0.1274 0.1441 
11 88o 4 0.1206 0.0996 0.1132 o.oo49 O.lo83 0.0649 0.1694 0.1793 
12 88o 4 0.1458 0.1174 0.1048 0.0052 . 0.0996 0.0597 0.1823 0.1799 
21 88o 6 0.1730 0.1395 0.2170 0.0156 0.2014 0.1207 0.2758 0.2798 
22 88o 6 0.1606 0.1255 0.2256 0.0370 0.1886 0.1131 0.2756 0.2987 
51 950 3 0.1565 0.1197 0.1130 o.ooo3 
0.1127 0.0676 0.1876 0.2327 
52 950 3 0.1421 0.1098 0.1167 0 
0.1167 0.0700 0.1798 0.2292 
61 1000 3 0.1859 0.1511 0.1889 0.0016 
0.1873 0.1123 0.2650 0.2953 
62 1000 3 0.1779 0.1468 0.1893 0.0024 
0.1869 0.1121 0.2613 0.3024 
* 
Weight of Ti02 (rutile) = weight of the gray residue and yellowish white residue (column 6) - weight 
of metallic Ti (column 7). 
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2) 
specific gravity of sodium chloride (2.165) , the rutile which formed 
at the surface of the molten bath gradually sank down to the bottom of 
the bath. When rutile was on its way down to the bottom in contact 
with some of the dispersed titanium-oxygen alloy, the original rutile 
in its yellowish white color was contaminated and became gray, forming 
the gray residue always present at the bottom of the bath. 
A small amount of rutile remained at the periphery of the bath 
surface due to the surface tension of the molten salt and retained 
its yellowish white color of rutile. It was known as the yellowish 
white residue in this investigation. 
5. The Need of a Separate Further Study 
As the titanium content determined by the hydrogen evolution 
method was calculated on the basis of metallic titanium, the results 
should be converted to the actual basis of titanium-oxygen alloy. 
Through this conversion, the total amount of titanium analyzed in 
the reaction products would be brought much closer to the weight 
loss of the titanium sample. Yet the relation between the volume 
of hydrogen evolved by different titanium-oxygen alloys and the 
free metallic titanium actually present in the alloys is unknown, 
a separate study should be performed. 
SUMMARY 
1. Titanium corrosion products were obtained by heating titanium 
samples in molten salt baths at a constant temperature of 88o°C 
for various lengths of heating time, or at different heating 
temperatures above 880°C for a definite length of heating time. 
2. The weight losses of the ti ta.nium samples due to corrosion in-
creased with heating temperatures and time of heating. 
3. Three reaction products were obtained due to the corrosion of 
titanium in fused salt baths. Namely, they were the black 
residue, gray residue, and yellowish white residue. 
4. The content of metallic titanium in the reaction products, the 
black residue and the gray residue plus yelloWish white residue, 
was determined by the dissolution of the samples in hydrofluoric 
acid on the basis of the reaction 
2Ti + 6HF ----- 2T1Fs + 3H2 ....•......•.....•.. eq. (c) 
5. The absolute amount of titanium present in the black residue 
increased with heating temperature and time of heating. 
6. The calculation of the lattice parameters of the black residue 
sample showed that the black residue was a titanium-oxygen solid 
solution With an approximate oxygen content of 10 weight percent. 
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7. Both the yellowish white residue and the gray residue were identi-
fied with titanium dioxide in the form of rutile as stated by 
X-ray analysi s. The gray residue was an original yellowish white 
ruti le contaminated with a small amount of dispersed t i tanium 
(titanium-oxygen alloy). The presence of the dispersed titanium 
was proved by the slight hydrogen evolution during the dissolution 
of gray residue in hydrofluoric acid. 
8. The corrosion of titanium in fused salt baths is a process of 
oxidation of titanium by the diffused oxygen from the air, 
followed by the dispersion of the reaction product to form a 
pyrosol. 
9. The complete absence of titanium nitride in the reaction pro-
ducts could not be proved. 
10. The presence of even small amounts of titanium dichloride in 
the corrosion products or the reaction of the finely dispersed 
ti ta.nium with water could not be affirmed. 
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